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METHOD AND APPARATUS FOR
CONTROLLING COMBUSTION PHASING IN
AN INTERNAL COMBUSTION ENGINE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/154,514, filed on Feb. 23, 2009, which 1s
incorporated herein by reference.

TECHNICAL FIELD

This disclosure 1s related to control of internal combustion
engines.

BACKGROUND

The statements 1n this section merely provide background
information related to the present disclosure and may not
constitute prior art.

Known engine operation includes delivering fuel and air to
combustion chambers and igniting the corresponding mix-
ture, and transferring the pressure generated by the 1gnited
mixture to a crankshait via a moveable piston. Engine oper-
ating parameters ol interest include in-cylinder pressure,
engine torque, specific fuel consumption, emissions, and oth-
ers. Engine control parameters include fuel mass and 1njec-
tion timing, spark 1gnition timing in spark ignition engines,
phasing, magnitude and duration of engine valve opening and
closing, recirculated exhaust gas fraction, and other param-
cters. Known engine control schemes include monitoring
states of engine operating parameters and controlling engine
control parameters to achieve preferred targets corresponding
to in-cylinder pressure, engine torque, specific fuel consump-
tion, and emissions.

It 1s known to control combustion in imndividual cylinders
using data corresponding to in-cylinder combustion param-
cters. One exemplary in-cylinder combustion parameter
includes location of peak cylinder pressure (LPP) 1n crank
angle degrees, which 1s an indicator of peak in-cylinder com-
bustion pressure. In-cylinder pressure sensors monitor in-
cylinder pressures for individual cylinders during ongoing
engine operation, and are coupled to signal processing
devices. Known engine control schemes use the monitored
in-cylinder pressures for individual cylinders to control
engine control parameters including, e.g., spark timing, fuel
injection timing, and EGR mass flowrate.

Another exemplary mn-cylinder combustion parameter 1s a
location of mass-burn fraction (MBF), which 1s an estimate of
percentage of a cylinder charge that 1s combusted at a given
crank angle. One mass-burn fraction of interest 1s a 50%
mass-burn fraction (CAS30), which 1s a crank angle location at
which 50% of an individual cylinder charge 1s burned.

Monitoring the 50% mass-burn fraction 1s one known
method to parameterize combustion phasing for a cylinder.
During engine combustion operating under a particular set of
parameters, the 50% mass-burn fraction 1s predictable to
within a small range for given engine operating conditions.
One known method to estimate the 50% mass-burn fraction
includes examining pressure data from within the combustion
chamber, 1including analyzing the pressure rise within the
combustion chamber attributable to combustion. Various
methods exist to quantily pressure rise in a combustion cham-
ber attributable to combustion. One method includes pressure
ratio management (PRM) which 1s based upon the Rassweiler
approach, which approximates the 50% mass-burn fraction
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by a fractional pressure rise due to combustion. Combustion
of a known charge at a known time under known conditions
tends to produce a consistently predictable pressure rise
within the combustion chamber. PRM derives a pressure ratio
from the ratio of a measured cylinder pressure under combus-
tion at a given crank angle to a calculated motored pressure,
estimating a pressure value 1f no combustion took place 1n the
cylinder, at a given crank angle. Any rise 1n pressure above the
motored pressure 1s attributable to energy introduced by com-
bustion. Thus, PRM can be used to describe the combustion
process within a cylinder, including combustion phasing
information, with the pressure ratio value normalized at a
given crank angle, and a fractional pressure ratio useful for
estimating the 50% mass-burn fraction.

Known engine control schemes include monitoring peak
cylinder pressure (LPP) in crank angle degrees, which 1s an
indicator of peak in-cylinder combustion pressure. In-cylin-
der pressure sensors coupled to signal processing devices are
used during ongoing engine operation to monitor in-cylinder
pressures for individual cylinders. Known engine control
schemes use the monitored in-cylinder pressures for indi-
vidual cylinders to control engine control parameters includ-
ing, e.g., spark timing, fuel injection timing, and EGR mass
flowrate.

SUMMARY

A method for operating a multi-cylinder internal combus-
tion engine includes monitoring signal outputs from an
engine torque sensing device to determine engine torque and
monitoring corresponding engine crank positions from a
crank position sensor during an individual cylinder event and
determining an associated engine operating point. A location
of peak torque for the individual cylinder event 1s 1dentified,
the location of peak torque including an engine crank position
corresponding to a peak engine torque for the individual
cylinder event. A difference between the 1dentified location of
peak torque and a preferred location of peak torque 1s deter-
mined, the preferred location of peak torque associated with
the engine operating point. A state ol an engine control
parameter 1s adjusted in response to the diflerence between
the 1dentified location of peak torque and the preferred loca-
tion of peak torque.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments will now be described, by way
of example, with reference to the accompanying drawings, 1n
which:

FIG. 1 1s a schematic diagram of a multi-cylinder internal
combustion engine including an engine output member
coupled to a gearbox of a transmission device and including a
crankshait position sensor and a torque sensing device 1n
accordance with the present disclosure;

FIG. 2 1s a schematic block diagram depicting a control
scheme for controlling operation of an internal combustion
engine to an operating point 1n response to an operator torque
request to achieve a preferred or desired state for a Location of
Peak Torque 1n accordance with the present disclosure; and

FIG. 3 1s a datagraph depicting states of engine combustion
parameters including cylinder pressure, mass burn fraction,
and engine torque plotted 1n relation to engine crank angle 1n
accordance with the present disclosure.

DETAILED DESCRIPTION

Referring now to the drawings, wherein the depictions are
tor the purpose of illustrating embodiments only and not for
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the purpose of limiting the same, FIG. 1 schematically 1llus-
trates a multi-cylinder internal combustion engine 10 con-
structed 1n accordance with an embodiment of the disclosure.
The exemplary engine 10 has reciprocating pistons movable
in cylinders which define variable volume combustion cham-
bers 11. The reciprocating pistons couple to a crankshait 12.
The crankshait 12 couples to an engine output member 14 that
preferably couples to a gearbox 30 of a transmission device
and a driveline to transier engine torque thereto in response to
an operator torque request. The engine output member 14
preferably includes a flexplate 16 through which engine
torque 1s transferred to the gearbox 30 of the transmission
device. The engine 10 includes sensing devices configured to
monitor engine states associated with engine operation and
actuators that control different areas of engine operation. The
sensing devices and actuators are signally and operatively
connected to a control module (CM) 50. It 1s appreciated that
the engine 10 can employ a four-stroke operation wherein
cach engine combustion cycle includes 720 degrees of angu-
lar rotation of the crankshaft 12 divided into repetitively
occurring combustion strokes including intake-compression-
expansion-exhaust. It 1s appreciated that the engine 10 can
operate 1n one of various combustion cycles, including four-
stroke, combustion cycles, two-stroke combustion cycles and
s1x-stroke combustion cycles. It 1s appreciated that the engine
10 can include an engine configured to operate 1n one or more
engine combustion modes including, e.g., spark-ignition,
compression-ignition, controlled auto-ignition (1.¢., homoge-
neous-charge compression ignition), and premixed charge
compression 1gnition.

The sensing devices include a crankshaft position sensor
18 and associated crank wheel 19 configured to monitor a
rotational angle © of the crankshaft 12, from which the con-
trol module 50 determines engine crank angle and rotational
speed N of the crankshait 12, and position of each piston and
assoclated combustion stroke. In one embodiment, the crank
wheel 19 includes a 360X wheel corresponding to 360° of
rotation of the crankshait 12 which can be monitored by the
crankshaft position sensor 18. It 1s appreciated that crankshaft
encoder devices and other rotational position sensing devices
may be employed to achieve similar measurement results.
When the crank wheel 19 includes a 360X wheel, combustion
sensing including engine torque sensing can be associated
with each degree of crankshailt rotation 1n a discretized man-
ner. It 1s appreciated that a low resolution crankshaft position
sensor can similarly be used with enhanced torque resolution
techniques.

The engine 10 1s configured to momtor engine load. It 1s
appreciated that engine load 1s an engine parameter that can
be measured directly using a sensing device or inferred from
related inputs. In one embodiment, engine load can be deter-
mined using a manifold absolute pressure (MAP) sensor. In
one embodiment, engine load can be determined using an
accelerator pedal sensor. In one embodiment, engine load can
be determined using an engine airflow sensor. In one embodi-
ment, engine load can be inferred based upon engine fuel
flow. An engine operating point can be determined that cor-
responds to the rotational speed N of the crankshaft 12 and the
engine load.

The engine 10 includes a torque sensing device 20 config-
ured to measure engine torque transierred between the engine
10 and the gearbox 30 of the transmission device via the
flexplate 16 by momitoring deformation within the flexplate
16. Alternatively, the torque sensing device 20 can be
installed 1n another location, e.g., mounted directly onto the
crankshaft 12. A single torque sensing device 20 can be used.
Alternatively a plurality of torque sensing devices 20 can be
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used. The crankshait 12 1s preferably coaxial with and rigidly
coupled to the flexplate 16 to rotate therewith. The flexplate
16 1s preferably coupled to the gearbox 30 near an outer rim
using a plurality of fasteners 32, allowing the engine 10 to
transier engine torque to drive the gearbox 30 through the
flexplate 16. The term “engine torque,” as used herein, refers
to any turming moment acting upon the crankshait 12 of the
engine 10. The term “flexplate” includes any element used to
transier engine torque within a powertrain, including, e.g., a
flexplate and a flywheel.

The torque sensing device 20 measures the engine torque
transierred between the engine 10 and the gearbox 30 through
the flexplate 16 by quantifying deformations (e.g., negative
and positive strain) in the flexplate 16 caused thereby. This
includes quantitying a strain field of the flexplate 16, such as
a change 1n a circumierential reference length, stress and
strain, or a speed of wave propagation that can be measured
using a surface acoustic wave-based torque sensor (SAW). It
1s understood that true strain exhibited by the flexplate 16 1s
directly proportional to the experienced stresses, the unit
cross-sectional area, and the modulus of elasticity of the
material of the flexplate 16, requiring the torque sensing
device 20 and associated signal processing hardware and
algorithms to be configured for specific parameters of the
flexplate 16. In one embodiment, a finite element stress analy-
s1s of the tlexplate 16 under anticipated engine torque condi-
tions 1s performed to 1dentity an optimal stress point on the
flexplate 16, indicating one or more preferred locations for
ailixing one or more sensing elements of the torque sensing
device 20.

The torque sensing device 20 1s fixedly attached to the
flexplate 16, and preferably has a signal output that changes 1n
relation to strain 1n the tlexplate 16. The sensing elements of
the torque sensing device 20 are preferably attached to the
engine-side face of the flexplate 16, and may be welded,
bolted and/or bonded to the flexplate 16 using a suitable
high-temperature epoxy. The sensing elements of the torque
sensing device 20 preferably use one of a plurality of suitable
technologies, such as an optical, magnetic, piezoelectric,
magnetoelastic, or a resistance based technology to measure
the strain, displacement, stress or speed of wave propagation.
For example, the sensing elements may include at least one
strain gauge device used to measure strain by changing resis-
tance 1n response to linear deformation associated with strain
in the flexplate 16. More preferably, the strain gauge 1s also
thermally compensated to minimize the effect of temperature
variations, given the wide range of temperatures anticipated
to be experienced by the flexplate 16.

The torque sensing device 20 and the crankshait position
sensor 18 are signally connected to a digital signal processing
(DSP) circuit 40, which can include a microcontroller, a digi-
tal signal processing circuit and/or an application-specific
integrated circuit (ASIC). The signal processing circuit 40 1s
configured to account for specific parameters of the flexplate
16, including the aforementioned anticipated stresses, the
unit cross-sectional area, and the modulus of elasticity of the
material of the flexplate 16. The signal processing circuit 4
generates a signal output that 1s preferably directly propor-
tional to the true strain experienced by the tlexplate 16. It 1s
appreciated that the signal processing circuit 40 1s configured
to monitor data signals generated by the torque sensing device
20 and the crankshaift position sensor 18 and generate output
signals corresponding to the engine torque that are discretized
to specific rotational angles of the crankshait 12. The signal
processing circuit 40 1s further configured to detect a peak or
maximum engine torque and corresponding rotational angle

® of the crankshaft 12 for each of the cylinders 11 for each
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cylinder event during ongoing engine operation, referred to
herein as a Location of Peak Torque (LPT). The signal pro-
cessing circuit 40 1s signally connected to a control module 50
to transmit the detected Location of Peak Torque (LPT)
thereto.

The engine 10 includes a plurality of actuators, each of
which 1s controllable to an operating state to operate the
engine 10 in response to operator commands, ambient con-
ditions, and system constraints, as 1s appreciated by skilled
practitioners. Controllable engine actuators can include, e.g.,
tuel injectors, EGR valves, throttle valves, variable cam phas-
ing devices, variable engine valve lift devices, and spark
1gnition systems on engines so equipped.

The control module 50 1s configured to monitor engine
operating states and control engine operation by commanding
states of engine control parameters during ongoing engine
operation. It 1s appreciated that the functions described as
being performed by the control module 50 may be combined
into one or more devices, e.g., implemented 1 soitware,
firmware, application-specific integrated circuitry (ASIC),
combinatorial logic circuits, separate ancillary circuits, or
other suitable components that provide the described func-
tionality. The control module 50 has a set of control mnstruc-
tion sets that are executed during preset loop cycles such that
cach mnstruction set 1s executed at least once each loop cycle.
Loop cycles are typically executed at regular intervals, for
example each 0.1, 1.0, 3.125, 6.25, 12.5, 25 and 100 mialli-
seconds during ongoing engine and vehicle operation. Alter-
natively, an instruction set may be executed 1n response to
occurrence of an event. Event-based instructions and engine
operation 1nclude engine torque monitoring from the torque
sensing device 20, wherein measurements are taken corre-
sponding to each tooth passing on the crank wheel. The con-
trol module 50 executes instruction sets to command states of
engine control parameters, including controlling the afore-
mentioned actuators including throttle position, fuel injection
mass and timing, EGR valve position to control flow of recir-
culated exhaust gases, spark-ignition timing or glow-plug
operation, and control of intake and/or exhaust valve timing,
phasing, and lift, on systems so equipped. Furthermore, 1t 1s
understood that while control module 50 and digital signal
processing (DSP) circuit 40 are 1illustrated discretely, the
functions of each may be combined into a unitary module. As
used herein, control module, controller, module, processor,
processing circuit and similar terms shall mean any suitable
combinations of one or more Application Specific Integrated
Circuit(s) (ASIC), electronic circuit(s), central processing
unit(s) (preferably microprocessor(s)) and associated
memory and storage (read only, programmable read only,
random access, hard drive, etc.) executing one or more soit-
ware or firmware programs, combinational logic circuit(s),
input/output circuit(s) and devices, appropriate signal condi-
tioming and butifer circuitry, and other suitable components to
provide the functionality described herein.

FIG. 2 1s a schematic block diagram depicting a control
scheme 200 for controlling operation of an internal combus-
tion engine, €.g., the mnternal combustion engine 10 config-
ured as described with reference to FIG. 1. The operation of
the internal combustion engine 10 1s controlled to an operat-
ing point in response to an operator torque request to achieve
a preferred or desired state for the Location of Peak Torque
LPT ,. Stated another way, the internal combustion engine 10
1s controlled to achieve a peak torque during each cylinder
event for each cylinder 11 at the crank angle ® of the crank-
shaft 12 corresponding to the preferred Location of Peak
Torque LPT , with the preferred state for the Location of Peak
Torque LPT ; determined based upon the engine operating
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point. Overall the control scheme 200 1includes monitoring
engine operation to detect Location of Peak Torque for each
cylinder (1) for each cylinder event (j), 1.e., LP1,; (210),
determining an average value for the Location of Peak Torque
for each cylinder over N engine cycles LPT, and determining

an average of the Location of Peak Torque for all the cylinders
over the N engine cycles LPT (220). A preferred state for the
Location of Peak Torque LPT ;atthe engine operating point is
also determined (240). A difference between the preferred
and monitored states for the Location of Peak Torque LPT ,

and LPT,_ (i.e. LPT, or LPT), respectively is determined
(250). A control scheme 1s executed thereon to i1dentify an
engine control parameter U_ (230). Operation of the engine
10 1s controlled using the engine control parameter U based

upon the difference between the preferred and monitored
states for the Location of Peak Torque LPT ;and LPT, (i.e.L

PT, or LPT), respectively. The control system is designed to

control each individual cylinder using LPT, or the average of
the cylinders using LPT values at each engine event.

Operation of the engine 10 1s monitored, including moni-
toring engine torque (Torque) and corresponding crank angle
(®) using the torque sensing device 20 and the crankshaft
position sensor 18. Other engine operating parameters that
are preferably monitored include an engine operating point,
in terms of engine speed (RPM) and load (MAP), an achieved
position of an EGR valve (EGR), and an achieved position of
an engine valve cam phaser (Cam Phaser). It 1s appreciated
that these monitored engine operating parameters are illus-
trative. It 1s further appreciated that other engine operating,
parameters may be monitored, depending upon specifics of
the engine configuration.

The engine torque (Torque) and corresponding crank angle
(®) are monitored using the torque sensing device 20 and the
crankshait position sensor 18, and are analyzed to detect the
Location of Peak Torque, 1in crank angle (®) for each cylinder
1 for each cylinder event j, LPT, ; as previously described
(210).

The Location of Peak Torque for each cylinder 1 for each
cylinder event j, LPT, ; 1s analyzed to determine an average
value for the Locatlon of Peak Torque LPT, for each cylinder
1 (1=1 N,,;) over a quantity ot M, engine cycles, and an
average of the Location of Peak Torque LPT for all N,
cylinders over the M_,. engine cycles (220). These can be
determined using the following equations.

N
vl i=]

A preferred state for the Location of Peak Torque LPT ,
(MAP, RPM) at the engine operating point (MAP, RPM) 1s
also determined (240). It 1s appreciated that there are a plu-
rality of pretferred states for the Location of Peak Torque
LPT (MAP, RPM), each corresponding to subranges of the
engine operating point (MAP RPM) between maximum and
minimum states for the engine load (MAP) and speed (RPM)
A difference 1s calculated between the preferred and moni-
tored states for the Location of Peak Torque LPT ;and LPT,,
(ALPT), respectively, at the engine operating poin‘[ (250).

The operation of the engine 10 1s controlled based upon the

calculated difference between the preferred and monitored
states for the Location of Peak Torque LPT, and LPT,
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(ALPT), respectively, at the engine operating point using an
LPT controller (230). The LPT controller executes a control
scheme to 1dentily a composite value for the engine control
parameter U at an associated engine operating point. The
LPT controller preferably includes a proportional-integral
control scheme that takes ito account the Location of Peak
Torque LPT, for each cylinder 1 and the average of the Loca-
tion of Peak Torque LPT for all N_ . cylinders over the M.
engine cycles to determine a composite value for the engine
control parameter U_ that can be used for engine control. In
one embodiment the engine control parameter U_ 1s a spark

ignition timing 0,” determined for each of the cylinders 1=1
through N_,,.

In one embodiment, the preferred state for the Location of
Peak Torque LPT , corresponding to an engine operating
point 1s determined off-line using a representative engine
hardware configuration and control system. This includes
operating a representative engine and control system config-
ured for spark 1gnition operation on an engine dynamometer
to determine the preferred state for the Location of Peak
Torque LPT , corresponding to an engine operating point.
This includes operating a representative engine at selected
engine speed/load operating points that traverse an entire
range ol achievable speed/load operating points. At each of
the selected speed/load operating points a control system
sweeps the spark 1gnition timing over a spark advance range
for each of the cylinders. Engine torque, crank angle, and
corresponding spark advance are determined for each speed/
load operating point. A location of peak engine torque, 1.€., a
crank angle associated with maximum engine torque for each
cylinder for each engine cycle and the corresponding spark
advance are determined. A relationship i1s established that
includes a preferred spark advance that achieves the preferred
location of peak torque LPT , when the engine 1s operating at
a specific engine operating point, which can be described 1n
terms of engine operating parameters, €.g., engine speed
(RPM) and load (MAP). In one embodiment, a calibration
array 1s generated that includes preterred locations of peak
torque LPT , corresponding to specific discretized ranges of
engine speed (RPM) and load (MAP), represented as LPT
(RPM, MAP). The calibration array of preferred locations of
peak torque associated with a range of engine operating
points LPT (RPM, MAP) can be stored 1in one of the memory
devices of the control module 50. Alternatively, the preferred
locations of peak torque associated with the range of engine
operating points LPT (RPM, MAP) can be expressed in
equation form that can be executed 1n the control module 50.

Alternatively, the preferred state for the Location of Peak
Torque LPT ; corresponding to an engine operating point 1s
determined off-line using a representative engine hardware
configuration and control system configured for compression
1gnition operation. The representative engine 1s operated on
an engine dynamometer to determine the preferred state for
the Location of Peak Torque LPT , corresponding to an engine
operating point. This includes operating the representative
engine and control system at selected engine speed/load oper-
ating points that traverse an entire range of achievable speed/
load operating points. At each of the selected speed/load
operating points the control system sweeps fuel 1njection
timing over a predetermined range for each of the cylinders.
Engine torque, crank angle, and corresponding fuel injection
timing are determined for each speed/load operating point. A
location of peak engine torque, 1.€., a crank angle associated
with maximum engine torque for each cylinder for each
engine cycle, and the corresponding fuel injection timing are
determined.

cvi

10

15

20

25

30

35

40

45

50

55

60

65

8

The control module 50 determines a preferred engine con-
trol state to achieve the preferred location of peak torque for
the engine operating point LPT (RPM, MAP). In one
embodiment, as shown, the preferred engine control state for
controlling operation of the internal combustion engine 10
includes controlling 1gnition timing (Spark Timings) in each
cylinder in response to the difference between the preferred
Location of Peak Torque LPT (RPM, MAP) and the moni-
tored LPT ,1.e., (ALPT) at the engine operating point. Alter-
natively, controlling operation of the internal combustion
engine 10 1includes controlling fuel injection timing 1n
response to the difference between the preferred and moni-
tored states for the difference between the pretferred Location
of Peak Torque LPT (RPM, MAP) and the monitored LPT
at the engine operating point. Thus, combustion phasing can
be controlled for individual engine cylinders during each
individual engine cycle to achieve the preferred Location of
Peak Torque LPT (RPM, MAP). The overall relationship
includes determining a preferred engine control state to
achieve a preferred combustion phasing for each cylinder
event for each engine operating point. The preferred engine
control state, e.g., 1ignition timing, controls engine operation
to achieve a preferred location of peak torque to achieve the
preferred combustion phasing. A high-bandwidth torque sen-
sor installed on the engine output member (e.g. crankshatit) or
flexplate can be used to monitor engine torque associated with
individual cylinder combustion, and thus monitor individual
cylinder combustion phasing. Using the information from the
torque sensor, control states for engine actuators including,
¢.g., 1gnition timing and fuel injection mass and/or timing are
determined and controlled at levels to achieve engine perfor-
mance parameters related to fuel efficiency, emissions, noise
and other operating parameters during ongoing operation. At
engine operating conditions resulting 1in high fuel-efficiency,
there 1s a correlation between a location of 50% mass burn
fraction using in-cylinder pressure sensors and a location of
peak torque produced in each cylinder at every event. The
desired location of peak torque on the crank angle 1s then
determined. Through direct measurement of a location of
peak torque at the desired value during real-time engine
operation and corresponding engine control, preferred states
for the engine performance parameters may be achieved. In
this way, preferred combustion phasing using a torque sensor
as feedback can be achieved by controlling one of individual
cylinder 1gnition and individual fuel imjectors. Thus, engine
torque 1s directly measured non-intrusively and various
engine control variables can be adjusted, including, e.g., 1gni-
tion timing and fuel mjection timing and mass using the
information contained in the measured high-bandwidth
torque signal.

FIG. 3 1s a datagraph depicting states of engine combustion
parameters plotted 1in relation to engine crank angle relative to
a piston position top-dead-center location (TDC). The data-
graph depicts results for an engine event 1n a single cylinder
associated with a single engine operating point of an exem-
plary multi-cylinder engine, the operating point including
engine speed and load states. The states of engine combustion
parameters include cylinder pressure (Pressure), including a
crank-angle location of peak pressure (LPP), mass-burn frac-
tion (MBF), including a crank-angle location for 50% mass-
burn fraction (CA30), and engine torque, including a crank-
angle location of peak torque (LPT). The results, which are
exemplary of other engine operating points, indicate corre-
spondence between the location of peak torque (LPT), the
location of peak pressure (LPP), and the location of the 50%
mass-burn fraction (CA50). The location of peak torque
(LPT) 1s directly measurable without intruding into the com-
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bustion chamber, whereas the location of peak pressure (LPP)
for a single cylinder requires an individual cylinder pressure
sensor, and the location of the 50% mass-burn fraction
(CAS0) requires estimation based upon other parameters,
¢.g., cylinder pressure.

The disclosure has described certain preferred embodi-
ments and modifications thereto. Further modifications and
alterations may occur to others upon reading and understand-
ing the specification. Therefore, it 1s intended that the disclo-
sure not be limited to the particular embodiment(s) disclosed
as the best mode contemplated for carrying out this disclo-
sure, but that the disclosure will include all embodiments
falling within the scope of the appended claims.

The mvention claimed 1s:

1. Method for operating a multi-cylinder internal combus-
tion engine, comprising;

monitoring signal outputs from an engine torque sensing

device to determine engine torque and monitoring cor-
responding engine crank positions from a crank position
sensor during an individual cylinder event and determin-
ing an associated engine operating point;

identifying a location of peak torque for the individual

cylinder event, the location of peak torque comprising an
engine crank position corresponding to a peak engine
torque for the mndividual cylinder event;

determining a difference between the 1dentified location of

peak torque and a preferred location of peak torque, the
preferred location of peak torque associated with the
engine operating point; and

adjusting a state of an engine control parameter 1n response

to the difference between the 1dentified location of peak
torque and the preferred location of peak torque.

2. The method of claim 1, further comprising;

controlling the engine to a selected engine operating point;

sweeping the engine control parameter between a mini-

mum state and a maximum state and monitoring engine
torque and a corresponding crank position for the engine
operating point;

identifying a maximum state for the engine torque and a

corresponding state for the engine control parameter;
and

determining the preferred location of peak torque, which

comprises a crank position for the engine operating
point corresponding to the state for the engine control
parameter that achieves the maximum state for the
engine torque at the engine operating point.

3. The method of claim 1, wherein adjusting the state of the
engine control parameter in response to the difference
between the 1dentified location of peak torque and the pre-
terred location of peak torque comprises adjusting timing of
spark 1gnition 1n response to the difference between the pre-
terred location of peak torque and the i1dentified location of
peak torque.

4. The method of claim 1, wherein adjusting the state of the
engine control parameter in response to the difference
between the 1dentified location of peak torque and the pre-
terred location of peak torque comprises adjusting timing of
tuel 1jection 1n response to the difference between the pre-
terred location of peak torque and the 1dentified location of
peak torque.

5. The method of claim 1, further comprising

monitoring engine crank position and a corresponding

engine torque for each cylinder during recurring indi-
vidual cylinder events and monitoring associated engine
operating points;

identifying states for the location of peak torque associated

with the recurring individual cylinder events for each of
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the cylinders and calculating a mean value for the loca-
tion of peak torque associated therewith; and

identifying the location of peak torque as the calculated
mean value for the location of peak torque.

6. The method of claim 1, wherein the torque sensing
device comprises a torque sensing device configured to mea-
sure engine torque transierred between the engine and a trans-
mission gearbox via a flexplate.

7. The method of claim 6, wherein the torque sensing
device comprises a plurality of torque sensing devices con-
figured to measure engine torque transierred between the
engine and a transmission gearbox via a tlexplate.

8. Method for operating a multi-cylinder internal combus-
tion engine including a crankshatt coupled to an output mem-
ber, comprising:

monitoring engine torque using a torque sensing device

attached to the output member and a corresponding
engine crank position during an individual cylinder
cvent;

determinming an engine operating point associated with the

individual cylinder event;

1dentifying a location of a peak engine torque for the indi-

vidual cylinder event; and

adjusting a state of an engine control parameter 1n response

to a difference between the identified location of the
peak engine torque and a preferred location of peak
engine torque.

9. The method of claim 8, wherein the preferred location of
peak engine torque 1s associated with the engine operating
point.

10. The method of claim 9, turther comprising:

controlling the engine to a selected engine operating point;

sweeping the engine control parameter between a mini-
mum state and a maximum state and monitoring engine
torque and a corresponding crank position for the engine
operating point;

identifying a maximum state for the engine torque and a

corresponding state for the engine control parameter;
and

determining the preferred location of peak engine torque

comprising a crank position for the engine operating
point corresponding to the state for the engine control
parameter that achieves the maximum state for the
engine torque at the engine operating point.

11. The method of claim 8, wherein adjusting the state of
the engine control parameter 1n response to the difference
between the 1dentified location of peak engine torque and the
preferred location of peak engine torque comprises adjusting
timing of spark 1gnition in response to the difference between
the preferred location of peak engine torque and the 1dentified
location of peak engine torque.

12. The method of claim 8, wherein adjusting the state of
the engine control parameter 1n response to the difference
between the 1dentified location of peak engine torque and the
preferred location of peak engine torque comprises adjusting
timing of fuel 1njection 1n response to the difference between
the preferred location of peak engine torque and the 1dentified
location of peak engine torque.

13. The method of claim 8, further comprising

monitoring the engine torque and the corresponding engine

crank position for each cylinder during recurring 1ndi-
vidual cylinder events and monitoring associated engine
operating points;

identifying states for the location of peak engine torque

associated with the recurring individual cylinder events
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for each of the cylinders and calculating a mean value for
the location of peak engine torque associated therewith;
and

identifying the location of peak engine torque as the cal-

culated mean value for the location of peak engine
torque.

14. An apparatus for operating an internal combustion
engine including an output member coupled to a transmission
gearbox via a tlexplate, comprising:

a plurality of torque sensing devices attached to the tlex-

plate;

a control module

monitoring engine torque using the plurality of torque
sensing devices attached to the flexplate and monitor-
ing a corresponding engine crank position,

10

12

determining an engine operating point,

identifying an engine crank position corresponding to a
location of a peak engine torque for an individual
cylinder event, and

adjusting a state of an engine control parameter 1n
response to a difference between the 1dentified engine
crank position corresponding to the location of peak
engine torque and a preferred engine crank position
for the engine operating point.

15. The apparatus of claim 14, wherein the preferred
engine crank position for the engine operating point com-
prises an engine crank position corresponding to a preferred
location of peak engine torque for the engine operating point.
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